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(57) ABSTRACT 

Actuators that employs a shape memory alloy component as 
the driving element include linear and rotational devices. An 
Intrinsic Return Means (IRM) may be imparted to the SMA 
actuator, thereby reducing the use of a spring return mecha 
nism. The rotational actuator may include a cylindrical 
bobbin With a helical groove to receive an SMA Wire. A 

number of turns may be placed in a small length of bobbin 
to amplify the rotational excursion. In another rotational 
actuator, a plurality of narroW, coaxial rings are provided, 
the rings being nested in close concentric ?t or stacked in 
side-by-side fashion. Each ring is provided With a groove 
extending thereabout to receive an SMA Wire and contrac 
tion of the Wire causes each ring to rotate With respect to the 
adjacent ring. In an embodiment for linear actuation, the 
invention provides a bar-like component having SMA Wires 
joined betWeen bars. The invention includes a lost motion 
coupling to join tWo counter-acting SMA stroke ampli?ca 
tion devices, Whether linear or rotational. 
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SHAPE MEMORY ALLOY ACTUATOR 

REFERENCE TO RELATED APPLICATION 

[0001] This application is a continuation-in-part of appli 
cation Ser. No. 10/056,233, ?led Dec. 3, 2001, Which is a 
continuation of application Ser. No. 09/566,446, ?led May 
8, 2000, noW U.S. Pat. No. 6,326,707, issued Dec. 4, 2001, 
for Which priority is claimed. 

BACKGROUND OF THE INVENTION 

[0002] Us. Pat. No. 6,326,707 discloses linear actuators 
that are driven by shape memory alloy (SMA) materials, and 
feature stroke ampli?cation by multiple bars or rods (sub 
modules) linked together by SMA Wires. In these and other 
SMA mechanisms, it has been understood that a restoring 
force is necessary to return an SMA Wire from its heated 
(contracted) state to its cooled (extended) state. Many prior 
art SMA actuator designs have made use of common spring 
assemblies, such as helical or leaf springs, to exert the 
required restoring force. These spring assemblies typically 
deliver a spring force that varies linearly With displacement, 
(F=kx), and the restoring force in most cases is a maximum 
at maximum stroke. It has been found that the SMA com 
ponent responds poorly to this force/displacement charac 
teristic, and the useful life of the SMA actuator is severely 
limited by such a restoring force. The patent referenced 
above describes several spring arrangements that deliver 
variable restoring force (variable, or inverse linear, or the 
like) to optimiZe the performance of the SMA components. 

[0003] It is apparently not Widely knoWn that some com 
mercially available SMA Wires, due to Well-understood 
material processing steps, have the ability to return com 
pletely to their original shape Without application of an 
external restoring force. This behavior is termed the revers 
ible shape memory effect. The force produced as the Wire 
cools and returns to its quiescent length is very small; that 
is, a small fraction of the useful force produced When it 
contracts upon heating. It is not practical to make a device 
that produces usable force on the return stroke as Well as the 
forWard stroke. One reversible shape memory device in the 
prior art is a helical spring that expands lengthWise upon 
heating, and contracts fully to its quiescent length upon 
cooling. There appears to be no other devices in the prior art 
that exploit the reversible shape memory effect to useful 
effect. 

SUMMARY OF THE INVENTION 

[0004] The present invention generally comprises a linear 
actuator that employs a shape memory alloy component as 
the driving element. One salient aspect of the invention is 
that it introduces an Intrinsic Return Means (IRM) to the 
SMA linear actuator, thereby obviating the use of a spring 
return mechanism or the like. Another signi?cant aspect of 
the invention is that it introduces stroke ampli?cation by 
multiple segments in a rotational actuator. A further signi? 
cant aspect is the introduction of a simpli?ed linear actuator 
assembly. 
[0005] In general, the most fundamental aspect of IRM is 
the use of SMA Wire that is knoWn to exhibit reversible 
shape memory effect, and structural means for con?ning or 
constraining the Wire to move solely along a de?ned line or 
curve as it contracts and relaxes. The structural means 
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provides a loW friction guide to direct the Wire. Given the 
fact that the reversible shape memory effect Will cause the 
Wire to elongate upon cooling to substantially 100% of the 
original length, it necessarily folloWs that the loW friction 
guide Will cause the Wire to return to its original, quiescent 
con?guration. The guide (such as a groove or channel or 
tube) may be linear, and may be curved if the radius of 
curvature is much greater than the diameter of the SMA 
Wire. 

[0006] In a rotational embodiment of the concept 
described above, a cylindrical bobbin is provided With one 
or more turns of a helical groove formed in the outer 
peripheral surface of the bobbin. A SMA Wire extends from 
a mechanical ground to the helical groove to Wrap about the 
bobbin. A bobbin cover, comprising a cylindrical tubular 
sleeve having a grooved inner surface formed to comple 
ment the helical groove of the bobbin. The confronting 
grooves of the bobbin and cover de?ne opposed sides of a 
continuous channel that contains and constrains the Wire to 
expand and contract longitudinally along the channel, thus 
ensuring that the Wire Will re-assume its original, quiescent 
con?guration When it cools beloW its transition temperature. 
Anumber of turns may be placed in a small length of bobbin, 
due to the small diameter d of the SMA Wire compared to the 
bobbin diameter D (Dz100d), Whereby the rotational excur 
sion of the bobbin may be increased by each additional turn 
of the SMA Wire. 

[0007] The SMA Wire is connected at opposite ends to the 
?xed bobbin cover and the rotatable bobbin. The rotating 
bobbin may be coupled to a machine that does useful Work 
upon rotation, such as an iris mechanism used in a ?uid ?oW 
valve or camera exposure control, and the like. Electronic 
control of the current through (and thus the temperature of) 
the SMA Wire enables precise control of the contraction of 
the SMA Wire and thus of the angular excursion of the 
bobbin With respect to the mechanical ground. Note that the 
bobbin and cover assembly requires a small axial dimension 
to incorporate a number of turns of Wire and has a relatively 
small peripheral thickness (outer diameter minus inner 
diameter). 
[0008] In a further rotational actuator embodiment, a plu 
rality of narroW, coaxial rings are provided, the rings being 
nested in close concentric ?t. Each ring is provided With a 
groove extending about the outer (or inner) peripheral 
surface thereof, the confronting grooves of the multiple 
rings forming opposed sides of annular channels. Aplurality 
of SMA Wires is provided, each Wire secured at one end to 
one ring and extending to Wrap about the adjacent inner ring. 
(Alternatively, a single SMA Wire may extend about each 
ring and pass through to the next ring.) The Wires are 
electrically connected for ohmic heating, Whereby contrac 
tion of the Wires causes each ring to rotate With respect to the 
adjacent inner ring. The Wires may be activated as a group 
for full rotation, or individually for incremental rotation of 
the inner element. The rotation of the rings is additive, as in 
the stroke ampli?cation mechanisms of US. Pat. No. 6,326, 
707, Whereby the outer ring may be ?xed and the inner ring 
may undergo a signi?cant angular excursion. (Note that the 
construction may be reversed so that the inner ring may be 
?xed and the outermost ring undergoes the additive rotations 
of the plurality of rings.) The rings are narroW and thin, and 
form an assembly that occupies very little space in the axial 
or radial dimensions. 
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[0009] In another embodiment for rotational actuation, a 
plurality of narroW rings are disposed in stacked, adjacent 
relationship. Extending axially from each ring is a pin than 
protrudes through a slot formed in the adjacent ring. A 
plurality of SMA Wires is provided, each secured at one end 
to the pin anchored to the respective ring, and secured at the 
other end to the pin projecting through its slot from the 
adjacent ring. (Alternatively, a single SMA Wire may extend 
about each ring and pass through to the next ring.) Each Wire 
is received in an annular peripheral groove extending about 
its respective ring, and extends thereabout at least one turn. 
Ohmic heating contracts the Wires, Which rotate the rings in 
additive fashion in the same direction. Asleeve member may 
be received about the stacked rings to impinge on the 
plurality of Wires in their grooves and constrain and con?ne 
the Wires to achieve the intrinsic return effect described 
above. 

[0010] In an embodiment for linear actuation, the inven 
tion provides a bar-like component having top and bottom 
surfaces, and opposed ends spaced apart longitudinally. A 
pair of crimp recess holes extend from the top through to the 
bottom surface, each hole disposed adjacent to a respective 
end of the bar. Apair of longitudinal grooves extend betWeen 
the crimp recess holes, each groove formed on a respective 
top or bottom surface. 

[0011] TWo or more bar components may be stacked 
together, the top surface of one bar impinging on the bottom 
surface of the superjacent bar in the stack. An SMA Wire 
having a lug crimped at each end is disposed betWeen 
adjacent bar components in the stack. The Wire is received 
in the aligned grooves of the top and bottom surfaces of 
adjacent bar components, One crimped end of each Wire is 
received in the crimp recess of one bar component, and the 
other crimped end is received in the crimp recess of the 
opposed end of the superj acent bar component. The Wire is 
constrained and con?ned Within the aligned grooves of each 
pair of bars in the stack. Each Wire may be heated to cause 
contraction and translate each bar With respect to its super 
jacent counterpart. The translation is ampli?ed by the addi 
tive effect of the linked bar components. In addition, the 
SMA Wires are restricted to longitudinal movement Within 
the channel formed by the ?rst and second grooves to 
achieve the intrinsic return effect. 

[0012] The invention includes a lost motion coupling to 
join tWo counter-acting SMA stroke ampli?cation devices, 
Whether linear or rotational. The coupling enables the tWo 
devices to drive an actuating member reciprocally, each 
device extending and resetting the other When fully 
extended. 

[0013] Although the invention is described With reference 
to the shape memory component comprising a Wire formed 
of Nitinol, it is intended to encompass any shape memory 
material in any form that is consonant With the structure and 
concept of the invention. 

BRIEF DESCRIPTION OF THE DRAWING 

[0014] FIG. 1 is a partial cross-sectional elevation shoW 
ing one aspect of the Intrinsic Return Means of the present 
invention for SMA driven actuators. 

[0015] FIG. 2 is a partial cross-sectional elevation shoW 
ing a further embodiment of the aspect of the invention 
shoWn in FIG. 1. 
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[0016] FIG. 3 is an enlarged cross-sectional portion of one 
rotational actuator embodiment of the Intrinsic Return 
Means of the present invention. 

[0017] FIG. 4 is an exploded vieW of one rotational 
actuator embodiment of the Intrinsic Return Means of the 
present invention. 

[0018] FIG. 5 is a partially cross-sectioned side vieW of a 
further rotational actuator embodiment of the invention. 

[0019] FIG. 6 is a plan vieW of the embodiment depicted 
in FIG. 5. 

[0020] FIG. 7 is a perspective schematic vieW of the 
stacked rotational actuator of the present invention. 

[0021] FIGS. 8A and 8B are a perspective vieW and a 
cross-sectional elevation of a practical embodiment of the 
stacked rotational actuator of FIG. 7. 

[0022] FIGS. 9 and 10 are plan vieWs of a diaphragm 
mechanism in the closed and open dispositions, respectively. 

[0023] FIG. 11 is an exploded vieW of an SMA stroke 
amplifying linear actuator employing the intrinsic return 
effect. 

[0024] FIG. 12 is a cross-sectional exploded vieW of a 
multi-stage SMA linear actuator comprised of elements 
depicted in FIG. 11. 

[0025] FIG. 13 is a cross-sectional elevation of a further 
embodiment of a multi-stage SMA linear actuator of the 
invention. 

[0026] FIG. 14 is an exploded perspective vieW of the 
embodiment depicted in FIG. 13. 

[0027] FIG. 15 is an exploded schematic vieW of a further 
combination of rotational actuators of the invention. 

[0028] FIG. 16 is an exploded perspective vieW of an axial 
shaft positioning mechanism employing rotational actuators 
of the invention. 

[0029] FIG. 17 is a perspective vieW of a rotational motor 
assembly employing rotational actuators of the invention. 

[0030] FIG. 18 is a schematic chart depicting the opera 
tion of a lost motion coupler betWeen tWo counter-acting 
linear actuators of the invention. 

[0031] FIG. 19 is a schematic depiction of a lost motion 
coupler for joining tWo counter-rotating rotational actuators 
of the invention. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

[0032] The present invention generally comprises a linear 
actuator that employs a shape memory alloy component as 
the driving element. One salient aspect of the invention is 
that it introduces an Intrinsic Return Means (IRM) to the 
SMA linear actuator, thereby obviating the need for a spring 
return mechanism or the like. 

[0033] With regard to FIG. 1, the most elementary form of 
the IRM is comprised of a rod or bar component 21 (seen in 
an end vieW in FIG. 1) having a channel 22 extending 
longitudinally therein. An SMA Wire 23 is received in the 
channel 22, and an adjacent bar 21 is disposed to retain the 
Wire Within the channel. The channel is dimensioned to 
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retain the Wire 22 and constrain it to movement along the 
channel 22. The Wire 23 is formed of an SMA material that 
is processed to exhibit the reversible shape memory effect, 
and its movements during contraction and expansion are 
con?ned to extend only along the channel 22. The channel 
must be de?ned by loW friction surfaces, Which may be 
provided by the material from Which the bars 21 are formed, 
or by surface coatings applied to the channel surfaces that 
contact the Wire 23, or the like. Thus the Wire, Which 
undergoes substantially complete extension upon cooling, 
necessarily returns to its quiescent disposition, and is reset 
by being returned to its original, unpoWered state. This reset 
is achieved Without the use of any additional parts, springs, 
cams, or the like. 

[0034] Another form of the IRM includes upper and loWer 
components 24 and 26, each having at least one groove 27 
or 28, respectively (seen in an end vieW in FIG. 2). The 
grooves may be formed in parallel relationship, as shoWn, 
and are maintained in confronting relationship to de?ne in 
combination a closed channel. SMA Wires 29 and 31 (pro 
cessed to undergo the reversible shape memory effect) are 
received in the closed channels created by grooves 27 and 
28, and the contraction and expansion of the Wires is 
con?ned to take place entirely Within those channels. The 
channels may extend substantially linearly, as in a linear 
actuator, or substantially arcuately, as in a rotational actua 
tor. 

[0035] In general, in a rotational actuator the components 
24‘ and 26‘ comprise concentric rings assembled as shoWn in 
FIG. 3. The diameter D of the ring assembly must be much 
larger (i.e., on the order of 100 times greater) than the 
diameter d of the Wires 29‘ and 31‘, so that the compression 
and tensile forces on the inside and outside, respectively of 
the Wires are a small fraction of the usable strain of the Wire. 
Contraction of the Wires 29 and 31 act tangentially to rotate 
the rings about their common axis. 

[0036] With reference to FIG. 4, a practical embodiment 
of the rotational actuator 40 of the invention includes a 
cylindrical bobbin 30 de?ned by a relatively thin cylindrical 
Wall extending about a nominal axis With axially opposed 
open ends. The outer surface of the bobbin is provided With 
a ?rst groove 32 extending helically about one end of the 
bobbin 31, and a second groove 33 extending helically about 
the other end of the bobbin 31. The tWo grooves 32 and 33 
are provided With opposite thread directions; i.e., one is a 
right hand thread and the other is a left hand thread. Abobbin 
cover 34 is comprised of a cylindrical tubular sleeve having 
an inner diameter dimensioned to be received concentrically 
about the bobbin 31 in as close a ?t as possible that provides 
free rotation of the bobbin With respect to the bobbin cover. 
The bobbin cover 34 is provided With a ?rst groove 36 
extending helically about the inner surface of one end, and 
a second groove 37 extending helically about the inner 
surface of the other end. The grooves 36 and 37 are formed 
in complementary fashion to their confronting counterparts 
32 and 33, respectively of the bobbin, so that the confronting 
grooves de?ne closed helical channels. 

[0037] Apair of SMA Wires 38 and 39 are provided, each 
extending in a respective one of the channels de?ned by 
grooves 32, 36, and 33, 37. The Wires may be processed to 
exhibit the reversible shape memory effect. One end of each 
Wire is anchored in the bobbin 31, and the other end of each 
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Wire is secured in the bobbin cover 34. The cover and bobbin 
may be manufactured of a lubricious material, or the grooves 
32, 33, 36, and 37 may be coated With a ?lm or layer of loW 
friction material, lubricant, or the like. 

[0038] When one of the SMA Wires 38 or 39 is heated to 
cause contraction, it exerts a tangential force betWeen the 
cover 34 and the bobbin 31, causing relative rotation 
betWeen the tWo components. Either the cover or the bobbin 
may be ?xed to a mechanical ground to enable the other 
component to do useful Work as it rotates. After the one Wire 
is deactivated, the other Wire 39 or 38 may be heated to 
reverse the rotation generated by the ?rst. A simple lost 
motion mechanism may be interposed betWeen the angular 
actuating range of the tWo Wires 38 and 39 to enable 
actuation of each Wire to reset the other Wire fully by 
extending it to substantially 100% length. 

[0039] Note that in this embodiment the mechanism may 
bene?t from the use of SMA Wires having the reversible 
shape memory effect, but it may operate just as Well Without 
the reversible effect, given that the tWo Wires 38 and 39 
cause rotation in opposing directions, and may each reset the 
other. 

[0040] With regard to FIGS. 5 and 6, a further embodi 
ment of the rotational actuator of the invention includes an 
assembly 50 comprised of a plurality of rings 51a, 51b, 51c 
. . . 51n, disposed in coaxial, concentric, nested relationship, 
With as close a ?t as possible While also providing free, 
independent rotation of the rings. Each ring 51 is provided 
With a groove 52a . . . 52n extending about the outer 

peripheral surface thereof, each groove 52 adapted to receive 
a respective SMAWire 53a . . . 53N. Each Wire 53 is secured 

in its respective groove 52 by the inner peripheral surface of 
the outWardly adjacent ring 51. Thus the Wires 53 are 
con?ned and constrained to undergo movement only Within 
the grooves 52, thereby enabling the reversible shape 
memory effect. Aretaining ring 54 is secured about the outer 
ring 51c to con?ne the SMA Wire 53c and obtain the 
reversible shape memory effect. 

[0041] Each ring 51 is also provided With a crimp recep 
tacle 56a . . . 56n, comprising a hole extending axially 

through the ring 51 and disposed medially With respect to the 
inner and outer surfaces thereof. An outer passage 57a . . . 

57n extends obliquely from the crimp receptacle 56 to the 
outer surface of the ring 51, and an inner passage 58a . . . 58n 

extends from the crimp receptacle 56 to the inner surface of 
the ring 51. Each Wire 53 includes an outer crimped end 61a 
. . . 6111 and an inner crimped end 62a . . . 6211. Each end 61 

is received in the crimp receptacle 56 of one ring 51, and the 
Wire extends from the inner passage 58 to Wrap about the 
next inner adjacent ring 51, With the inner crimped end 62a 
being extended through the outer passage 57 of the next 
inner adjacent ring to be secured in the crimp receptacle 56 
thereof. Electrical connection betWeen the Wires 53 may be 
made at their crimp conjunctions in each receptacle 56. 
Ohmic heating causes the Wires 53 to contract and exert 
tangential forces on each ring, Which rotates With respect to 
its adjacent inner and outer rings. The sum of the rotations 
(here, counterclockwise) is experienced by the innermost 
ring, assuming that the outer ring is connected to a mechani 
cal ground, and this rotational arrangement may be reversed 
as desired by immobiliZing the inner ring and alloWing 
clockWise rotation of the outer ring. 
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[0042] Note that the embodiment of FIGS. 5 and 6 may 
bene?t from the use of SMA Wires having the reversible 
shape memory effect, but it may operate just as Well Without 
the reversible effect, if a similar mechanism is connected to 
provide rotation in the opposite direction, Whereby each 
mechanism may reset the other to full extension in its 
quiescent phase. The rings may be thinner than shoWn in the 
drawings, Whereby a mechanism With many stages of con 
centric rings may be assembled Within a sleeve-like assem 
bly that has minimal thickness in the radial direction. 

[0043] The embodiment of FIGS. 5 and 6 may be vieWed 
as having a concentric ring stroke ampli?cation mechanism, 
and may be termed a concentric ring SMA rotational actua 
tor. With regard to FIG. 7, a further embodiment of the 
invention employs a stacked ring stroke ampli?cation 
mechanism, in a stacked ring SMA rotational actuator 71. 
The actuator 71 includes a plurality of rings 72a . . . 72n 

disposed in axial alignment in closely spaced, stacked rela 
tionship. Each ring 72 includes an annular groove 73a . . . 

73n adapted to receive a respective SMA Wire 74a . . . 7411. 

Each ring includes a pin 76a . . . 76n extending therefrom 

generally parallel to the common axis of the stacked rings 
72, and also includes a slot 77a . . . 77n extending from one 

end surface of the ring 72 through to the groove 73 thereof. 
Note that the slot 77 is disposed to receive the pin 76 from 
the axially adjacent ring in the stack, and that the slots 77 are 
con?gured to receive the pin 76 in freely translating fashion 
therein. Moreover, each slot 77 describes a short arc segment 
that corresponds to the angular movement of the pin 76 that 
it engages. Each Wire 74 is mechanically joined betWeen the 
pin 76 that is anchored to its respective ring, and the pin 76 
that extends from the next adjacent ring in the stack, as 
clearly shoWn in FIG. 7. 

[0044] It may be appreciated that the Wires 74 may be 
activated by heating to contract and create a differential 
rotational force betWeen the tWo pins 76 betWeen Which it is 
attached. The rotational effect is additive for the stack of 
rings 72, so that a fairly substantial rotational excursion may 
be produced by the assembly 71. Electrical resistance heat 
ing may be used to activate the Wires. The Wires may be 
heated in a common series or parallel circuit, for full or 
partial actuation. Alternatively, each Wire 74 may be con 
nected for separate ohmic heating, Whereby the mechanism 
achieves a stepWise rotational function similar to a step 
motor. As described previously, tWo counter-rotating units 
71 may be connected together by a lost motion slip ring 
assembly to enable one unit 71 to fully extend and reset the 
other unit 71 in cyclical fashion. 

[0045] With regard to FIGS. 8A and SE, a rotational 
actuator 81 comprises a practical embodiment of the stacked 
ring stroke ampli?cation mechanism. It includes a plurality 
of rings 82a . . . 82n disposed in axial alignment in closely 
spaced, stacked relationship. Each ring includes an annular 
groove 83a . . . 83n formed in one end face thereof, each 

groove 83 disposed in confronting, impinging relationship to 
the end surface of the next adjacent ring 82 in the stack, 
Whereby each groove becomes a closed annular channel. A 
crimp receptacle 84a . . . 8411 includes a hole 86a . . . 86n 

extending through the ring generally parallel to the axis of 
the ring. 

[0046] An SMA Wire 89 extends in the respective grooves 
83a . . . 8311, and is provided With a plurality of lugs 91a . 
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. . 9111, each crimped to the SMA Wire as it passes through 
the crimp receptacle 84, as shoWn in FIG. 8B. The lug 91 is 
secured in the receptacle of one ring, and the Wire 89 extends 
in the groove 83 of that ring, With the other end of the Wire 
extending through the outer Wire passage of the next adja 
cent ring so that the lug 91 of the Wire is received in the 
receptacle 84 of the next adjacent ring, as shoWn in FIG. 8B. 
Thus When the Wire 89 contracts, it applies a differential 
rotational force betWeen each tWo rings to Which it is 
engaged. The rotational effect of each ring is added to the 
adjacent ring, and the sum of these rotations is experienced 
by the endmost ring 8211. Note that the SMA Wire 89 is 
constrained to move only Within the grooves 83, so that the 
device 81 may bene?t from the use of SMA Wires having the 
reversible shape memory effect to produce the intrinsic 
return effect. HoWever, it may operate equally effectively 
Without the reversible effect, if a similar mechanism is 
connected to provide rotation in the opposite direction, 
Whereby each mechanism may reset the other to full exten 
sion in its quiescent phase. 

[0047] One practical use for the rotational actuators 
described above is to operate an iris 96, as shoWn in FIG. 9. 
The rotational excursion of any of the embodiments above 
may be connected to the actuating ring of the iris 96, so that 
it may be driven to be opened, as shoWn in FIG. 10, and 
closed, as desired. The iris may be the operative element in 
a ?uid ?oW control valve, or a light exposure control device, 
or the like. The rotational actuator may be operated to rotate 
partially, and/or operated in stepWise fashion to control the 
siZe of the opening of the iris 96. 

[0048] With reference to FIG. 15, a further aspect of the 
invention is a rotational actuator assembly 97 comprised of 
tWo or more of the rotational actuators described With 
reference to FIGS. 4, and FIGS. 5-6, and FIGS. 8A-8B. For 
example, a side-by-side rotational actuator 81 may be 
coupled coaxially to one end of a concentric rotational 
actuator 50 (concentric inWard progression) to multiply the 
number of stages and increase the maximum angular excur 
sion of the assembly. Moreover, a further concentric actuator 
50‘ may be provided, With the inner ring thereof coupled to 
the maximum angular excursion of the inner ring of actuator 
50. The actuator 50‘ is arranged so that the outer ring thereof 
undergoes maximum angular excursion (concentric outWard 
progression), and may be coupled to another actuator 50‘, 
and so on, to form a chain of actuators that occupy little axial 
space or radial space and create a large maximum angular 
excursion. The opposite ends of the assembly are connected 
betWeen rotational mechanical ground and the input to a 
Work-receiving device or object (not shoWn). Other multi 
plied combinations of the rotational actuators 50, 50‘, and 
81, as Well as the bobbin actuator 30, may be constructed as 
desired, based on design factors such as available space, 
angular excursion required, and the like. 

[0049] With reference to FIG. 16, another application of 
the rotational actuator of the invention comprises an axial 
drive mechanism 201 having a pair of SMA rotational 
actuators 202, each comprised of any of the rotational 
actuator embodiments or combinational embodiments 
described previously. The actuators 202 are counter-rotating 
and aligned coaxially, and a ratchet ring 203 is interposed 
coaxially betWeen the tWo actuators. Each actuator 202 
includes a paWl 204 extending retractably toWard the ratchet 
ring 203 and adapted to engage the confronting annular 
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ratchet surface of the ring 203. The ratchet teeth are arranged 
so that each actuator may urge the ratchet ring to rotate in its 
respective direction of rotation, and to “freeWheel” in the 
reverse rotational direction. (Other ratchet-type mechanisms 
for this purpose are knoWn in the prior art and are considered 
equivalent.) Thus the ratchet ring 203 may be driven selec 
tively in either direction by the actuators. 

[0050] The ratchet ring 203 is provided With an interior 
coaxial bore having internal threads 206, and an externally 
threaded shaft 207 is engaged in the threads 206 and free to 
move axially but rotationally immobilized. The ID of the 
actuators 202 passes the shaft therethrough Without contact. 
It may be appreciated that each activation of either actuator 
202 Will rotate the ratchet ring incrementally and the rotating 
threads thereof Will incrementally translate the shaft axially. 
Note that each actuator may be returned to its quiescent 
position by its internal IRM con?guration, or by other 
means. The mechanism 201 is Well-suited for high resolu 
tion positioning of shaft 207, Which may be coupled to any 
Work-receiving mechanism. 

[0051] With reference to FIG. 17, another rotational 
device 210 of the invention includes tWo rotational actuators 
202‘ and an intermediate ratchet ring 203‘, substantially as 
described in the previous embodiment. HoWever, in this 
embodiment shaft 208 is not threaded; rather, it is coupled 
coaxially to the ratchet ring 203‘, and an output gear 209 is 
secured to the outer end of the shaft 208. Activation of either 
actuator 202‘ Will cause the gear 209 to rotate in concert With 
the activated actuator, and the gear may be rotated to any 
extent or positioned With Well-de?ned rotational resolution. 

[0052] With regard to FIG. 11, one embodiment of the 
intrinsic return concept of the invention as a linear actuator 
includes a plurality of bars 101, each having a generally ?at 
rectangular cross-section and rectangular plan layout. Apair 
of crimp receptacle holes 108 extend through each bar 101 
from the top to bottom surfaces thereof, each disposed 
adjacent to a respective end of the bar. Apair of Wire grooves 
109 extend longitudinally betWeen the pair of holes 108, 
each groove 109 disposed in a respective top or bottom 
surface of the bar 101. 

[0053] A plurality of SMA Wires 113 are provided, each 
having lugs 114 crimped to opposed ends thereof. In this 
embodiment the crimp lugs 114 are generally rectangular 
and ?at, and the crimp receptacles 108 are shaped and 
dimensioned in complementary fashion to receive and 
secure the crimp lugs. It may be appreciated that any 
practical lug con?guration may be used, and it is not limited 
to the illustrated siZe or shape. 

[0054] With regard to FIGS. 11 and 12, the bars 101 and 
SMA Wires 113 may be stacked in sandWiched fashion to 
form an SMA stroke ampli?cation mechanism that also 
embodies the intrinsic return effect. Each Wire 113 has one 
crimp 114 received in the crimp receptacle 108 of a subja 
cent bar 101, and the Wire 113 extends through aligned Wire 
grooves 109 of the top and bottom surfaces of vertically 
adjacent bars 101, With the crimp 114 at the other end being 
received and secured in the crimp receptacle 108 of the 
superj acent bar 101. Electrical connection to each Wire 113 
may be made at the crimp receptacles, and ohmic heating 
Will cause shape memory contraction of the Wires. The 
additive effect of the movements of the bars 101 is indicated 
by the arroWs in FIG. 12. Note that each Wire is substantially 
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completely retained Within a guide formed by the grooves 
109 and movement of the Wire is thus limited to extension 
or contraction along the con?nes of the grooves, assuring 
reversible shape memory cycling and intrinsic return of the 
stacked mechanism. 

[0055] Note that the bars 101 may be smaller in height and 
Width than shoWn in the draWings, and may form a compact 
assembly. In all the embodiments herein a simple housing 
may be provided to secure the stroke ampli?cation drive 
element together for conjoint operation. As in previous 
embodiments, the embodiment of FIGS. 11 and 12 may 
function quite Well Without relying on the IRM effect (that 
is, if the Wires 113 are not fully constrained to move Within 
grooves 109), assuming that a return mechanism (a spring, 
for example) is provided or that tWo counter-acting assem 
blies are coupled together, as described beloW. 

[0056] With regard to FIGS. 13 and 14, a further embodi 
ment of a stroke multiplied SMA actuator includes a plu 
rality of struts 121 extending longitudinally in a parallel, 
closely spaced array. Each strut includes opposed edges, 
each edge including a longitudinally extending groove 122 
that, together, de?ne an H cross-sectional con?guration, as 
shoWn in FIG. 14. A pair of crimp anchor holes 123 are 
formed in opposed ends of each strut 121, each anchor hole 
communicating With the grooves 122, as shoWn in FIG. 13. 
A crimp plug 124 is received in each anchor hole 123, each 
plug 124 including a hole 127 extending therethrough. A 
plurality of SMA Wires 126 are provided, each Wire extend 
ing betWeen adjacent struts 121, as shoWn in FIG. 13. Each 
end of each SMA Wire 126 is received in the hole 127 of a 
respective plug 124, and the plug is stamped in place in hole 
123, both to expand the plug and immobiliZe it in the hole 
123, and to crimp the Wire 126 in the hole 127 of each plug. 
A housing (not shoWn) secures the assembly together in the 
planar array as shoWn. Operation of the assembly is sub 
stantially as described With reference to FIGS. 11 and 12. 

[0057] Note that the axes of the anchor holes 123 extend 
generally transversely to a nominal plane that contains the 
struts 121 and the Wires 126. This relationship enables the 
plugs 124 to be joined from the outside edges of the 
assembly, making automated production much easier. The 
crimps may be preinstalled, and may be able to ?oat in the 
holes. Then the Wire 126 is threaded through the Wire hole 
127 in the plug 124, and stamped from the outside to crimp 
the Wire in place and secure the plug. With this technique the 
sliding surfaces are completely free of any additional 
machining and the like, and thus may be free of obstructions, 
burrs, and the like. 

[0058] Reference has been made in the foregoing of 
coupling tWo counter-acting actuators so that operation of 
one Will reset the other While also driving an output com 
ponent to do useful Work. With regard to FIG. 18, a lost 
motion element 221 is arranged to be coupled betWeen the 
laterally driven output lugs 222 and 223 of tWo separate, 
counter-acting linear actuators as described above. An out 
put lug 225 extends from the coupling and delivers useful 
Work to some extrinsic device or object. (Note that the 
output lug depiction is strictly schematic, and any connec 
tion means knoWn in the prior art may be applied in any 
disposition to link the lost motion coupling for output to 
another element, object, or mechanism.) Each lug 222 and 
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223 is received and retained in a respective slot 224 and 226, 
the tWo slots having approximately similar lengths and 
orientations. 

[0059] In stage A, the output lug 222 has just completed 
translating the coupling 221 to the left. As the SMA Wires 
cool, the IRM causes the output lug to extend and return to 
the opposite (inner) end of the slot 224, as shoWn in stage B. 
At some later time, the other linear actuator is triggered to 
cause output lug 223 to move in slot 226 and translate the 
coupling 221 to the right (stage C). This action likeWise 
translates the output lug to do useful Work. When the SMA 
Wires cool and the IRM takes effect, the output lug 223 Will 
translate to the opposite (inner) end of the slot 226 (stage D). 
At some later time, the SMA linear actuator at the left Will 
be activated, once again pulling the coupling and output lug 
to the left, as shoWn in stage E and stage A, thereby ?nishing 
the cycle. The slots are dimensioned to enable the IRM to 
operate freely to return the output lugs to their quiescent 
(cool) disposition, Without requiring signi?cant output from 
the opposing linear actuator. The slots also serve to assure 
complete return (extension) of each actuator by pulling the 
respective output lug to the fully reset position during 
actuation in the opposite direction. Note that the lost motion 
coupling may be driven cyclically, or stepWise in partial 
cycles, as required by the Wok-receiving mechanism or 
object. 

[0060] With regard to FIG. 19, a lost motion coupling 
betWeen tWo counter-rotating SMA actuators includes sub 
stantially the same elements as the embodiment of FIG. 18, 
noted With similar reference numerals having a prime (‘) 
designation. The coupling includes a ring-shaped element 
221‘ adjacent to the rings or bobbin of tWo rotational 
actuators, each having output lugs 222‘ and 223‘ that extend 
through annularly extending slots 224‘ and 226‘ in the 
element 221‘ The layout and operation of the lost motion 
coupling of FIG. 19 is substantially the same as that of FIG. 
18, except that the motion is rotational and takes place in a 
curved plane, and the opposed actuators exert counteracting 
rotation rather than counter-acting translation. 

[0061] In any of the embodiments in Which the drive 
elements are enclosed in a housing, the housing may be 
?lled With a liquid such as oil, ethylene glycol anti-freeZe, or 
similar liquid that is lubricious and heat conducting. Such 
?uid enhances the speed of cooling of the SMA Wires by a 
factor of one or tWo orders of magnitude, thereby increasing 
the rate of contraction of the SMA Wires and enabling a far 
faster actuation and cycle rate for the assemblies. The 
extension and retraction of the drive elements aids in cir 
culating the ?uid for cooling purposes. The ?uid may be 
pumped through the housing for maximum cooling effect in 
high duty cycle situations. 

[0062] Although the invention is described With reference 
to the shape memory component comprising a Wire formed 
of Nitinol, it is intended to encompass any shape memory 
material in any form that is consonant With the structural and 
functional concepts of the invention. 

[0063] Thus it may be seen that the invention comprises at 
least the folloWing unique aspects: 

[0064] 1) SMA driven stroke multiplication applied 
to rotational actuators; 
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[0065] 2) Rotational actuators including bobbin, 
stacked rings, and concentric ring types, and all 
combinations thereof; 

[0066] 3) Intrinsic Return Means (IRM) applied to 
SMA devices; 

[0067] 4) IRM applied to SMA driven stroke multi 
plication devices, both rotational and linear; 

[0068] 5) Improved forms of linear actuators; 

[0069] 6) Lost motion coupling of counteracting 
actuators, both rotational and linear; 

[0070] 7) SMA rotating actuators driving rotational 
devices, including a shaft positioner and a gear 
motor. 

[0071] The foregoing description of the preferred embodi 
ments of the invention has been presented for purposes of 
illustration and description. It is not intended to be exhaus 
tive or to limit the invention to the precise form disclosed, 
and many modi?cations and variations are possible in light 
of the above teaching Without deviating from the spirit and 
the scope of the invention. The embodiments described are 
selected to best explain the principles of the invention and its 
practical application to thereby enable others skilled in the 
art to best utiliZe the invention in various embodiments and 
With various modi?cations as suited to the particular purpose 
contemplated. It is intended that the scope of the invention 
be de?ned by the claims appended hereto. 

1. An actuator assembly, including: 

a plurality of sub-modules disposed in closely spaced 
array and adapted to undergo reciprocal translation in a 
?rst direction; 

a plurality of shape memory components, each extending 
longitudinally generally in said ?rst direction and con 
nected betWeen tWo adjacent sub-modules; 

means for heating said shape memory components 
beyond the memory transition temperature to contract 
said shape memory components and urge said sub 
modules to translate in said ?rst direction, each sub 
module undergoing a stroke displacement With respect 
to the adjacent sub-module; 

said shape memory components exhibiting reversible 
shape memory effect; and, 

structural means for con?ning said shape memory com 
ponents and restricting said shape memory components 
to movement only longitudinally in said ?rst direction. 

2. An actuator assembly, including: 

a plurality of sub-modules disposed in closely spaced 
array and adapted to undergo reciprocal translation in a 
?rst direction; 

a plurality of shape memory components, each extending 
longitudinally generally in said ?rst direction and con 
nected betWeen tWo adjacent sub-modules; 

means for heating said shape memory components 
beyond the memory transition temperature to contract 
said shape memory components and urge said sub 
modules to translate in said ?rst direction from a rest 
position, each sub-module undergoing a stroke dis 
placement With respect to the adjacent sub-module; 
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intrinsic return means for restoring said sub-modules to 
said rest position, including said shape memory com 
ponents being con?gured to exhibit reversible shape 
memory effect; and structural means for con?ning and 
constraining said shape memory components to move 
ment only longitudinally and reversibly in said ?rst 
direction. 

3. An actuator assembly, including: 

an annular member adapted for rotation about an axis; 

a shape memory component extending longitudinally 
about said annular member; 

means for heating said shape memory component beyond 
the memory transition temperature to contract said 
shape memory component, said shape memory com 
ponent exerting a tangential force on said annular 
member to rotate said annular member in a ?rst direc 
tion from a rest position; and, 

means for returning said annular member to said rest 
position. 

4. The actuator assembly of claim 3, Wherein said means 
for returning said annular member to said rest position 
includes intrinsic return means. 

5. The actuator assembly of claim 4, Wherein said intrinsic 
return means includes said shape memory component con 
?gured to exhibit reversible shape memory effect; and 
structural means for con?ning said shape memory compo 
nent and restricting said shape memory component to move 
ment only annularly and reversibly about said annular 
member. 

6. The actuator assembly of claim 3, Wherein said shape 
memory component expands upon cooling to substantially 
the original length thereof before contraction, and said 
annular member counter-rotates in a second direction sub 
stantially to its rest position before said rotation in said ?rst 
direction. 

7. The actuator assembly of claim 3, Wherein said means 
for returning said annular member to said rest position 
includes spring means. 

8. The actuator assembly of claim 3, Wherein said means 
for returning said annular member to said rest position 
includes a second actuator assembly con?gured to counter 
rotate With respect to said annular member, and coupling 
means for operatively connecting said second actuator to 
said annular member. 

9. The actuator assembly of claim 8, Wherein said cou 
pling means includes lost motion coupling means. 

10. The actuator assembly of claim 9, Wherein said lost 
motion coupling means includes a coupling ring interposed 
betWeen said annular member and said second actuator 
assembly. 

11. An actuator assembly, including: 

a plurality of rings disposed in axially aligned, closely 
adjacent fashion; 

a shape memory component extending annularly and 
connected betWeen each tWo adjacent rings; 

means for heating said shape memory component beyond 
the memory transition temperature to contract said 
shape memory component and urge said plurality of 
rings to translate in a ?rst rotational direction, each ring 
undergoing a stroke displacement With respect to the 
adjacent ring; and, 
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means for rotating said plurality of rings in a second 
rotational direction counter to said ?rst direction. 

12. The actuator assembly of claim 11, Wherein said 
means for rotating said plurality in said second rotational 
direction includes intrinsic return means. 

13. The actuator assembly of claim 12, Wherein said 
intrinsic return means includes said shape memory compo 
nent con?gured to exhibit reversible shape memory effect; 
and structural means for con?ning said shape memory 
component and restricting said shape memory component to 
movement only annularly and reversibly about said plurality 
of rings. 

14. The actuator assembly of claim 11, Wherein saidshape 
memory component expands upon cooling to substantially 
the original length thereof before contraction to counter 
rotate said plurality of rings in said second direction sub 
stantially completely prior to said rotation in said ?rst 
direction. 

15. The actuator assembly of claim 11, Wherein said 
means for rotating said plurality of rings in said second 
direction includes spring means. 

16. The actuator assembly of claim 11, Wherein said 
means for rotating said plurality of rings in said second 
direction includes a second actuator assembly is con?gured 
to counter-rotate With respect to said plurality of rings, and 
coupling means for operatively connecting said second 
actuator to said plurality of rings. 

17. The actuator assembly of claim 16, Wherein said 
coupling means includes lost motion coupling means. 

18. The actuator assembly of claim 17, Wherein said lost 
motion coupling means includes a coupling ring interposed 
betWeen said annular member and said second actuator 
assembly. 

19. The actuator assembly of claim 11, further including 
a plurality of annular grooves, each disposed in one of said 
plurality of rings, each groove con?gured to receive and 
retain a portion of said shape memory component. 

20. The actuator assembly of claim 19, Wherein said 
plurality of rings are disposed in stacked, axially adjacent 
fashion. 

21. The actuator assembly of claim 20, Wherein each of 
said rings includes ?rst and second annular end surfaces, 
each ?rst annular end surface in confronting relationship to 
a second annular end surface of an adjacent ring. 

22. The actuator assembly of claim 21, Wherein each of 
said grooves is disposed in a respective ?rst annular end 
surface of a respective one of said rings. 

23. The actuator assembly of claim 22, Wherein each of 
said grooves and the confronting second annular end surface 
of the adjacent ring de?ne a channel to constrain said shape 
memory component to movement solely along the extent of 
said channel. 

24. The actuator assembly of claim 23, further including 
crimp means for securing said shape memory component to 
each of said rings. 

25. The actuator assembly of claim 24, Wherein said crimp 
means includes a crimp receptacle formed in each ring and 
intersecting said groove in each ring. 

26. The actuator assembly of claim 25, Wherein said crimp 
receptacle includes a crimp hole extending through each 
ring. 

27. The actuator assembly of claim 25, Wherein said crimp 
means includes a plurality of crimp lugs secured on said 
shape memory component, each crimp lug disposed to be 
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received and secured in a respective one of said crimp 
receptacles in one of said rings. 

28. The actuator assembly of claim 19, Wherein said 
plurality of rings are disposed in concentric, coaxial fashion. 

29. The actuator assembly of claim 28, Wherein each of 
said rings includes inner and outer concentric surfaces, each 
inner surface in confronting relationship to an outer surface 
of an inWardly adjacent ring. 

30. The actuator assembly of claim 29, Wherein each of 
said grooves is disposed in a respective outer surface of a 
respective one of said rings. 

31. The actuator assembly of claim 30, Wherein each of 
said grooves and the confronting inner surface of the out 
Wardly adjacent ring de?ne a channel to constrain said shape 
memory component to movement solely along the extent of 
said channel. 

32. The actuator assembly of claim 31, further including 
crimp means for securing said shape memory component to 
each of said rings. 

33. The actuator assembly of claim 32, Wherein said crimp 
means includes a crimp receptacle formed in each ring. 

34. The actuator assembly of claim 33, Wherein said crimp 
receptacle includes a crimp hole extending through each 
ring. 

35. The actuator assembly of claim 33, Wherein said crimp 
means includes a plurality of crimp lugs secured on said 
shape memory component, each crimp lug disposed to be 
received and secured in a respective one of said crimp 
receptacles in one of said rings. 

36. The actuator assembly of claim 35, further including 
a passageWay extending in each ring from said groove 
through said crimp receptacle to said inner surface of each 
ring, said passageWay dimensioned to receive said shape 
memory component therethrough. 

37. A rotary device, including: 

?rst and second rotational actuators; 

?rst and second shape memory means for driving said ?rst 
and second rotational actuators incrementally in ?rst 
and second rotational directions; 

ratchet ring means connected to said ?rst and second 
rotational actuators to be driven in incremental rotation 
in said ?rst and second directions; and, 

shaft means operatively associated With said ratchet ring 
means for doing useful Work. 

38. The rotary device of claim 37, Wherein said shaft 
means includes a threaded shaft. 

39. The rotary device of claim 38, Wherein said shaft 
means includes a threaded hole extending axially through 
said ratchet ring means and engaging said threaded shaft, 
Whereby incremental rotation of said ratchet ring means 
causes axial translation of said threaded shaft. 

40. The rotary device of claim 37, Wherein said shaft 
means includes a shaft secured to said ratchet ring means, 
and an output gear secured to said shaft. 

41. A rotational actuator assembly, including: 

at least one ?rst rotational actuator having a ?rst plurality 
of concentric rings, and ?rst shape memory means 
connected to said plurality of rings and selectively 
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actuatable to rotate said rings in a ?rst direction, the 
innermost of said rings undergoing a ?rst rotational 
excursion that is the sum of the rotational excursions of 
all others of said rings; 

at least one second rotational actuator having a second 
plurality of concentric rings, and second shape memory 
means connected to said second plurality of rings and 
selectively actuatable to rotate said second rings in said 
?rst direction, the outermost of said second rings under 
going a rotational excursion that is the sum of the 
rotational excursions of all others of said second rings; 
and, 

means for coupling said innermost of said ?rst rings to the 
innermost of said second rings to add said ?rst rota 
tional excursion to said second rotational actuator. 

42. A rotational actuator assembly, including: 

at least one ?rst rotational actuator having a ?rst plurality 
of concentric rings, and ?rst shape memory means 
connected to said plurality of rings and selectively 
actuatable to rotate said rings in a ?rst direction, the 
innermost of said rings undergoing a ?rst rotational 
excursion that is the sum of the rotational excursions of 
all others of said rings; 

at least one second rotational actuator having a second 
plurality of rings disposed in axially adjacent, stacked 
relationship, and ?rst shape memory means connected 
to said second plurality of rings and selectively actu 
atable to rotate said second rings in said ?rst direction 
in a second rotational excursion; and, 

means for coupling said ?rst and second rotational actua 
tors to combine said ?rst rotational excursion With said 
second rotational excursion. 

43. A linear actuator assembly, including: 

a plurality of longitudinally extending struts in stacked 
relationship, each having a pair of crimp receptacles 
extending through opposed ends thereof; 

a groove extending longitudinally in each strut betWeen 
each pair of crimp receptacles; 

a plurality of shape memory assemblies, each including 
an SMA Wire component and a pair of crimps secured 
to opposed ends of each Wire component; 

each Wire component received in a groove of one of said 

struts; 

each shape memory assembly having one crimp secured 
in a crimp receptacle of one of said struts and the other 
crimp secured in the crimp receptacle of the adjacent 
strut in the stacked relationship; and, means for heating 
said plurality of Wire components past the transition 
temperature to contract and cause a stroke displacement 
of each strut With respect to an adjacent strut, the total 
displacement being the product of said stroke displace 
ment multiplied by the number of said plurality of 
struts. 

44. The linear actuator assembly of claim 43, Wherein said 
struts and said Wire components are disposed in a common 
plane, and each crimp receptacle comprise a hole extending 
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through a respective one of said struts and disposed to 
intersect said common plane. 

45. A linear actuator assembly, including: 

a ?rst linear actuator, including ?rst SMA means for 
translating said ?rst actuator in a ?rst direction from a 
?rst rest position; 

a second linear actuator, including second SMA means for 
translating said second actuator in a second direction 
from a second rest position, said second direction being 
opposed to said ?rst direction; 
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coupling means for connecting the outputs of said ?rst 
and second linear actuators. 

46. The linear actuator of claim 45, Wherein said coupling 
means comprises lost motion means con?gured so that 
actuation of said ?rst linear actuator returns said second 
linear actuator to said second rest position, and actuation of 
said second linear actuator returns said ?rst linear actuator to 
said ?rst rest position. 


